Objective-To evaluate the strength of association of body mass index (BMI) and waist circumference (WC) with incident heart failure (HF), exploring our associations by ethnicity and age.
Introduction
Heart failure (HF) is a significant cause of morbidity and mortality, and has been associated with obesity in previous studies (1) (2) (3) (4) (5) (6) (7) (8) . The relationship between obesity and HF could result from direct adverse effects of obesity on cardiac structure and function or could occur because obese individuals have a high prevalence of comorbidities such as coronary artery disease (CAD), hypertension, diabetes and obstructive sleep apnea (OSA) (9) . The prevalences of obesity (10) (11) (12) and of HF (13) (14) (15) are both rising. The increase in obesity likely contributes to the increase in the incidence of HF (3).
Although generalized obesity and central obesity [indicated by body mass index (BMI) and waist circumference (WC) respectively] have been identified as risk factors for incident HF (2) (3) (4) , some studies have found that central obesity predicted incident HF better than generalized obesity (6, 16) , while others have found that central obesity and generalized obesity predicted incident HF to a similar extent (2) (3) (4) (5) 17) . Central obesity is a stronger predictor of cardiovascular disease (CVD) risk factors (3) , and may play a more important role than generalized obesity in the etiology of HF. We hypothesized that obesity will be associated with incident HF, after controlling for established risk factors at baseline, and the association will be stronger for measures of central obesity than generalized obesity.
There are variations in the incidence (13) and mechanisms of HF (18) in different ethnic groups, and the burden of obesity may be greater in some ethnicities (1) . The effect of ethnicity on the association between obesity and incident HF is therefore an important area of research (1) , but previous studies have been limited to predominantly white (3-5, 15, 17) and bi-racial populations (2, 6) . We explored the presence of heterogeneity by ethnicity in the relationship between obesity and incident HF, using data from the Multi-Ethnic Study of Atherosclerosis (MESA).
HF disproportionately affects older individuals (6) . Although fat mass increases with age (3), studies in non-US populations have shown that the strength of association between obesity and incident HF (when measured by hazard ratios), weakens with age (3, 4) . There is a strong relationship between obesity and CVD risk factors (11 ) , and we speculate that the increase in the incidence of HF in the elderly (19) may not be directly attributable to obesity, but may result from the increased prevalence of CVD risk factors in older age. Hence, we also explored the effects of age on the relationships between obesity and incident HF.
Methods and Procedures

Study population
MESA is a population-based study of 6,814 men and women of Caucasian, AfricanAmerican, Hispanic, and Chinese descent, aged 45-84 years and without known clinical CVD at baseline (2000) (2001) (2002) . Participants were recruited from six regions in the US. Details of MESA's design and objectives have been published (20) . The protocol was approved by the Institutional Review Board of participating sites and informed consent was obtained from participants. This cohort study is based on baseline data and incidence of HF during follow-up. Participants without baseline measurements of obesity, and those for whom no follow-up was completed were excluded.
Baseline Measurements
Standardized questionnaires were used to collect information on educational status, cigarette smoking, physician diagnosis of hypertension and diabetes, and medications. The MESA Typical Week Physical Activity Survey was used to record the time and frequency spent on intentional exercise such as walking for exercise, sports/dancing, and conditioning activities (21) . The total minutes per week spent on each activity was multiplied by its metabolic equivalent (MET) level and summed (MET-minutes/week). Hypertension was defined as systolic blood pressure ≥ 140 mm Hg and/or diastolic blood pressure ≥ 90 mm Hg and/or use of antihypertensive medications. Glycemic status was classified as normal [fasting blood glucose (FBG) <100 mg/dl, and not on treatment for diabetes], having impaired fasting glucose (FBG = 100-125 mg/dl, and not on treatment for diabetes), or diabetes (FBG ≥ 126 mg/dl or on treatment for diabetes). Resting 12-lead electrocardiograms (ECGs) obtained from fasting participants were centrally read and coded for the presence of left ventricular hypertrophy (LVH) using the Minnesota coding system. Cardiac magnetic resonance imaging (MRI) was obtained in a subset of participants (N=5504). The MESA cardiac MRI protocol, image analysis, inter-and intrareader reproducibility have been reported (22) . Serum glucose and plasma total cholesterol were measured by the glucose oxidase and cholesterol oxidase method respectively (23) . Hypercholesterolemia was present if plasma total cholesterol was ≥ 240 mg/dl (24) . Spot urine albumin and creatinine were measured using the nephelometry and Jaffe reaction respectively (25) . Urinary albumin creatinine ratios were calculated and participants were classified as normal (< 30 mg/g), having macroalbuminuria (> 300 mg/g) or microalbuminuria (30-300 mg/g). Interleukin-6 was measured using an ultrasensitive enzyme-linked immunosorbent assay with a coefficient of variation of 6.3% (26) .
Measures of Obesity
Height was measured to the nearest 0.1 cm with a stadiometer. Weight was measured to the nearest 0.5 kg with a balance scale. BMI was calculated as weight divided by the square of height (kg/m 2 ) and used as an indicator of generalized obesity. Participants were categorized as having normal weight (BMI <25 kg/m 2 ), being overweight (BMI: 25-29.9 kg/m 2 ), obese (BMI: 30-39.9 kg/m 2 ) or severely obese (BMI ≥40 kg/m 2 ). WC was measured to the nearest 0.1 cm with a measuring tape at the level of the umbilicus and used as an indicator of central obesity. Participants were classified as having central obesity if WC was >102 cm in men or >88 cm in women (27) .
Follow-up and Incident Heart Failure Definition
The median follow-up period was 7.6 years (interquartile range, 0.44 years) with a total of 47,682 person-years of observation. Each participant or their next of kin was contacted by a telephone interviewer at 6-9 month intervals to inquire about interim hospitalizations, outpatient diagnoses and deaths due to cardiovascular causes (18) . Records were obtained on approximately 99% of hospitalized cardiovascular encounters and some information on 97% of outpatient diagnostic encounters. Hospital records were abstracted and reviewed by paired physicians for independent endpoint classification and assignment of incidence dates (18) . In cases of disagreements, the reviewing pair adjudicated differences, but if disagreements persisted, the full morbidity and mortality classification committee made the final decision.
The endpoint for our study was symptomatic HF. Multiple HF events in the same participant were considered once and time to the first occurrence was used. Endpoint criteria for HF in MESA included (a) physician-diagnosed HF and medical therapy for HF; and (b) pulmonary edema/congestion on chest radiography; and/or (c) dilated ventricle or poor left ventricular function on echocardiography or ventriculography, or evidence of left ventricular diastolic dysfunction (13, 18) . Participants not meeting any criteria, including those with a physician diagnosis only, without any other evidence were classified as not having HF.
Statistical Analysis
Data are presented using means ± standard deviations or median (interquartile range) for continuous variables and percentages for discrete variables. Due to skewness, logarithmic transformation was performed for interleukin-6. Intentional exercise was non-normally distributed and was divided into quartiles. Comparisons between HF groups were tested using Chi-square test (discrete variables), 2-sample T-test (normally distributed continuous variables) and Mann-Whitney test (non-normally distributed continuous variables). KaplanMeier plots for incident HF are displayed according to BMI and central obesity categories, and compared using the Log-Rank test in both sexes. Participants were censored if they were lost to follow-up or failed to experience HF at the end of follow-up.
We estimated the correlation between BMI and WC using Pearson-Correlation coefficients. WC is highly correlated with BMI (2), so we assessed the associations of BMI and WC with incident HF using separate Cox-Proportional hazards (CPH) models. We used sex-specific models because of known differences in body composition between men and women (28) . In model 1, we constructed sex-specific models. In Model 2, we adjusted for center and known confounders of the association between obesity and incident HF, such as age, ethnicity, educational status (indicator of socioeconomic status), cigarette smoking and intentional exercise (1, 3) . In Model 3, we additionally adjusted for previously identified potential mediators of the association between obesity and incident HF, including hypertension, hypercholesterolemia, dysglycemia, LVH by ECG, albuminuria (indicator of kidney function) and inflammation (indicated by interleukin-6) (1, 3). In MESA, interleukin-6 was the inflammatory marker with the strongest prediction for incident HF (18) . ECG has limited sensitivity for diagnosing LVH (29) . Therefore, in a sensitivity analysis (model 4), we substituted LVH by ECG with the corresponding MRI equivalent. In a subpopulation of 822 men and women without LVH risk factors in MESA, the 95 th percentile cutoff of observed left ventricular mass (LVM)/predicted LVM of 1.31 was accepted as corresponding to LVH (29) .
Hazard ratios were calculated per standard deviation greater value of BMI and WC. To compare the predictive abilities of BMI and WC for incident HF, we treated our HF endpoint as binary and uncensored and created receiver operating characteristic (ROC) curves for estimation of the area under the curve (AUC). We used the same datasets for the models being compared (model 2) and derived our AUC values based on C-statistics (30, 31) , estimated from gender-specific multivariable models. We assessed the goodness of fit for each model using Hosmer-Lemeshow tests. In sensitivity analyses, we conducted gender-specific time-dependent ROC curves for BMI and WC that accommodates censored data (30) .
We grouped participants according to ethnicity and tested for interactions of BMI and WC with ethnicity. We generated CPH models and sequentially adjusted for confounders and known causal intermediaries. The risk of HF increases with age, so we grouped participants by age-groups (45-64, 65-74 and 75-84 years) to satisfy the CPH model's assumption that the baseline hazard for HF would be the same if the entire population had the same exposure (3). We tested for interactions of BMI and WC with age and generated CPH models using the same model building process. We examined adjusted absolute differences in HF incidence according to categories of weight and age-group using log-binomial regression models (32) . We also evaluated unadjusted and adjusted associations of BMI and WC with causal-intermediaries of HF using logistic regression models.
To maximize statistical power, only participants with missing data on a variable needed for a particular model were excluded from analyses (18) . We checked for proportionality of hazards by visually examining the log-log plots. 2-sided p-values of <0.05 were considered significant. Statistical analysis was performed using SAS enterprise guide version 4.3.
Results
We excluded 5 participants, for whom information on their HF status was missing, leaving a sample of 6,809. We observed 176 incident HF cases. The HF incidence over a median follow-up of 7.6 years was 3.69/1000 person-years. Baseline characteristics of participants are presented according to HF occurrence during follow-up (table 1) . HF cases were more commonly male, older, African-American, past or current cigarette smokers, less physically active, and had a lower educational level than non-cases. Hypertension, LVH, glucose and kidney abnormalities were more prevalent, but mean cholesterol levels were lower in HF cases at baseline. HF cases had higher BMI, WC and interleukin-6 levels than non-cases. Kaplan-Meier plots of incident HF are presented for BMI and central obesity categories according to sex in figures 1 and 2 respectively. There were significant differences in the incidence of HF across categories of BMI and WC in both sexes.
The correlation between BMI and WC was 0.892 in men and 0.865 in women. Hazard ratios of incident HF are presented for BMI and WC (table 2). After adjusting for confounders, BMI and WC were associated with incident HF (model 2), but these associations became non-significant after adjusting for causal-intermediaries of HF (model 3 and 4). The attenuation of these associations was most evident when LVM (measured by MRI) was included in models for WC in women, for whom the association disappeared (model 4).
Based on model 2, the estimated AUC (from C-statistics) for BMI and WC for incident HF prediction was 0.749 and 0.750 respectively in men, and 0.782 and 0.777 respectively in women. Hosmer and Lemeshow tests supported good model fits for BMI and WC in both sexes. In our time-dependent analyses, our findings did not differ much because the estimated AUC at 7.6 years for BMI and WC for incident HF prediction was 0.75 and 0.75 respectively in men, and 0.74 and 0.75 respectively in females.
Obesity, incident HF and ethnicity
Characteristics of participants according to ethnicity are available online (supplemental table 1). BMI and WC were lowest in Chinese-Americans and highest in African-Americans. Hypertension was most common in African-Americans while Hispanics had the highest cholesterol levels. African-Americans and Hispanics had the highest prevalence of diabetes. Ethnicity specific and stratified associations are shown in table 3. Although there were no significant interactions between ethnicity and BMI or WC (p>0.05), we observed inverse associations of BMI with incident HF in Hispanic men. An inverse relationship of WC with incident HF was also apparent in model 3 for Hispanic men.
Obesity, incident HF and age-groups
Characteristics of participants according to age-group are presented online (supplemental table 2). The youngest age-group had the highest BMI while the middle age-group had the highest WC. Cholesterol levels decreased, while interleukin-6 levels increased with age. The prevalence of hypertension, diabetes, LVH and kidney abnormalities increased with age. Age-group specific and stratified associations are presented in table 4. There were no significant interactions between age-group and BMI or WC (p>0.05). The hazard ratios of BMI and WC with incident HF generally decreased with age in women. In men, the hazard ratios of BMI and WC with incident HF appeared similar in the youngest and middle agegroup.
Odds ratios of the associations of BMI and WC with causal-intermediaries of HF are available online in supplemental table 3. In both sexes, BMI and WC were significantly associated with hypertension, diabetes and albuminuria at baseline. We had inadequate power to examine adjusted absolute differences for HF incidence in detail, and when compared to normal-weight participants, our estimates were 0.11 (−4.92 -5.14), −0.60 (−7.24 -6.05), and −1.50 (−9.37 -6.37) in overweight participants, and 0. 
Discussion
In this multi-ethnic cohort, obesity is associated with incident HF as shown in previous epidemiological studies (1) (2) (3) (4) (5) (6) (7) (8) . However, the relationship between obesity and incident HF is largely mediated by obesity-related conditions such as hypertension, hypercholesterolemia, dysglycemia, LVH, kidney disease and inflammation. Adjusting for factors along the causal pathway results in attenuation of the associations between obesity and incident HF (2, 8) , as shown in our sequential approach to adjustment.
BMI and WC have similar predictive ability for incident HF. We agree with studies that found that central obesity and generalized obesity predict incident HF to a similar extent (2-5, 17) and either measure may be useful for predicting HF risks in the clinical setting. Although central obesity is a potent predictor of CVD risk factors (3), and has been strongly associated with metabolic derangements (2), other mechanisms in generalized obesity may contribute to the development of HF in obese individuals (2). A substantial relationship has been demonstrated between obesity and traditional risk factors in MESA (11), and we observed significant associations of BMI and WC with causal-intermediaries of HF such as hypertension, diabetes and albuminuria. However, this analysis was cross-sectional, and our odds ratios which were calculated per standard deviation increase in BMI and WC may not be directly comparable.
Bahrami et al. previously assessed the associations of obesity (and BMI) with incident HF in MESA (18) . They found that obesity (and BMI) was associated with incident HF after adjusting for established risk factors, but the addition of inflammatory markers (interleukin-6 or C-reactive peptide) resulted in nullification of the associations (18) . Their analyses measured LVH with ECG (18) . We utilized a gender-specific approach and additionally accounted for ethnicity, socioeconomic status, kidney function and intentional exercise, yet we noted persisting associations between BMI and incident HF for women in ECG-based models that included interleukin-6. Because the extent of cardiac remodelling increases with the duration of obesity (1, 33) , this difference in our findings may be attributable to greater statistical power from a higher number of HF events, and a longer follow-up duration in our study.
There are racial differences in the severity and prevalence of comorbid conditions (13, 34) , and we observed a higher burden of hypertension and diabetes in African-Americans. In MESA, Bahrami et al. have reported that the risk of incident HF in African-Americans is related to socioeconomic status, and a higher prevalence of hypertension and diabetes (13), so we expected differences in the associations of obesity and incident HF by ethnicity. Loehr et al.'s findings in the ARIC study did not support significant differences by race, although BMI and WC tended to be more strongly associated with incident HF in whites when compared to blacks (2).
We did not observe statistically significant differences among multiple ethnic groups, but the hazard ratios relating incident HF to BMI and WC appeared to be greater in Caucasians when compared to African-Americans, except for WC in women, for which we observed similar associations in Caucasians and African-Americans after accounting for obesity-related conditions. In Hispanic men, we observed paradoxical associations for BMI, because a higher BMI appeared to be associated with a decreased risk of incident HF. Various obesity paradoxes have been described, when increased body fat does not increase morbidity or mortality (35) , but the mechanisms underlying this association in Hispanic men is unclear, particularly because we did not observe a similar result in Hispanic women.
Previous studies reported that the associations between obesity and incident HF (when measured by hazard ratios) were weaker at older ages (3, 4) and we observed a similar pattern in women. In men, the associations of BMI and WC appeared similar in the youngest and middle age-groups. The weakest associations for BMI were observed in the oldest agegroup, and because the prevalence of comorbidities was highest in this group, we surmised that comorbidities may play a greater role than generalized obesity in the pathogenesis of HF in this age-group. Interestingly, this pattern was not consistent for central obesity (WC) particularly in men, because when we accounted for obesity-related conditions, the strongest association was observed in this age-group. Despite these patterns, we failed to demonstrate significant interactions among age-groups, after accounting for age-related differences in the baseline risk of incident HF. Due to inadequate power, we cannot make definite conclusions but there may be a tendency for adjusted absolute differences to remain stable or decrease with age due to increases in the baseline risk of HF at older ages in normal-weight participants. This issue should be further explored in adequately powered studies.
Although the relationship between obesity and incident HF is related to hemodynamic and anatomic cardiac changes, and comorbidities resulting from excess body fat, current evidence suggests that obesity-related inflammation, metabolic and hormonal changes (including adipokines) are contributory to the pathogenesis of obesity-related HF (14, 36, 37) . Other mechanisms that have been postulated include neurohormonal activation, increased oxidative stress, infiltration of myocytes with free fatty acids (FFA) and B-type natriuretic peptide depletion (38) . Because the relationship between obesity and incident HF was largely due to causal-intermediaries in our analysis, the concept of direct effects in "obesity cardiomyopathy" requires further scrutiny. Nevertheless, lipotoxicity of the myocardium by excessive FFA (12, 39) and high levels of triglycerides (39) has been supported by the demonstration of cardiac steatosis, apoptosis (8, 40) and decreased left ventricular systolic function in animal models (40) .
MESA involved a large number of participants with diverse age, ethnic and gender representation from six geographic regions in the US. HF ascertainment and data collection procedures were highly standardized and our prospective study design enabled us to measure HF incidence. Our sequential approach to adjustment allowed us to illustrate the role of obesity-related conditions in the association between obesity and incident HF. This is the first study to explore ethnic and age-group differences in the relationships between obesity and incident HF in a US population.
We observed relatively few events in subgroups and had limited power for exploratory analyses. Consequently, caution must be applied to interpretations related to subgroup analyses. We used baseline measures of obesity but participants may have undergone changes in adiposity during follow-up. Due to power and sample size restrictions, we retained the full cohort and relied on ECG measures of LVH for exploratory analyses.
Conclusion
The association between obesity and incident HF is largely mediated by obesity-related conditions such as hypertension, hypercholesterolemia, dysglycemia, LVH, kidney disease and inflammation. WC is not superior to BMI in predicting HF incidence and either measure will be useful in HF prevention strategies. Therefore, HF prevention in obese individuals should be directed against obesity but must also involve treatment of obesity-related conditions (14) . The effects of age and ethnicity on the relationship between obesity and incident HF should be further explored.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Figure 2a. Heart failure free probability in MESA according to central obesity categories in men. Central obesity is present if waist circumference >102 cm in men. Figure 2b . Heart failure free probability in MESA according to central obesity categories in women. Central obesity is present if waist circumference >88 cm in women. Table 3 Sex-specific and multivariable adjusted hazard ratios of incident heart failure per standard deviation greater value of body mass index and waist circumference according to ethnicity in MESA 
